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TITLE: USE OF MAGNETO-RESISTIVE SENSORS FOR 

BOREHOLE LOGGING 



INVENTOR: HELMUT LECHEN 



Field of the Invention 

The present invention relates to the use of magneto resistive sensors for 
calculating the diameter of a borehole. 

Back ground of the related art 

5 Down hole distance and bore hole radius measurements have previously 

been performed with instruments using potentiometers, linear voltage trans- 
former (LVT) sensors or linear voltage differential transformer (LVDT) sensors. 
Potentiometers are resistors with an attached position indicating slider. The 
slider contacts the resistor at any point between the potentiometer ends. The 
10 mechanical position of the slider determines the resistance between the slide and 

the ends of the potentiometer. A position measurement is thereby possible, by 
measuring either the resistance or the voltage between the slider and one of the 
potentiometer ends. 

In down hole logging instruments, potentiometers are typically placed in- 
15 side ofan oil-filled container, so that the mechanical movement of the slider is 

not influenced by the bore hole pressure. The oil-filled containers are usually 
connected to a main pressure housing via a pressure feed through connector and 
pressure resistant wires. Typically, there is hysteresis between the values meas- 
ured moving in one direction as opposed to values measured while moving in 
20 the other direction. New potentiometer devices exhibit small hysteresis effects 

but as the devices age, the hysteresis effects becomes more severe as potenti- 
ometers begin to wear. Typically, the achievable resolution depends upon the • 
design of the potentiometer. If a wire-wound potentiometer is used (which is 
usually the case), the resistance between two windings determines the resolution 
25 of the wire wound potentiometer. 

LVT/LVDT sensors are also popularly used to measure distances down- 
hole. The operating principle behind LVT and LVDT sensors is based on a 
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transformer having a movable ferromagnetic core. The physical position of the 
core inside of the surrounding windings alters the coupling between the primary 
and secondary coils of the transformer. While keeping the primary supply volt- 
age constant, the secondary voltage changes in proportion to the position of the 
5 positional ferromagnetic core. The LVT sensor uses a single primary coil and 

one secondary coil. One side of the primary and secondary coils are connected, 
so that only three wires are necessary to connect an LVT device. The more ac- 
curate LVDT device uses two secondary coils. In the LVDT the difference be- 
tween the two secondary coil voltages is divided by the sum of the two secon- 
10 dary coil voltages, thereby compensating for voltage changes due to unstable 

supply voltages. 

Unlike potentiometer position sensors, LVT and LVDT sensors do not ex- 
hibit hysteresis or wear. LVT/LVDT sensors also experience less resolution 
limitations. Thus, LVT/LVDT sensors are an improvement over potentiometer 

15 sensors. The LVT/LVDT measurement, however, is an AC-measurement, thus, 

the LVT/LVDT sensor signal has to be rectified by some means (hardware, 
software) for measurement. If larger distances are to be sensed, LVT/LVDT 
sensors become very large and very expensive. High pressure/temperature ver- 
sions are possible but they are bulky and expensive. Thus, there is a need for a 

20 downhole position indication device that is accurate, durable, compact and not 

sensitive to down temperature and pressure. 

SUMMARY OF THE INVENTION 
The present invention provides a magneto restrictive position indication 
device for measuring the radius of a borehole. The present invention does not 

25 require any exposed wiring when used in down hole logging equipment. The 

present invention is more reliable than known measurement systems because of 
the absence of hysteresis and because the present invention is less sensitive to 
downhole pressure and temperature than known prior systems. The present in- 
vention is also easier to maintain. Additionally, the present invention's meas- 

30 urement accuracy is limited only by the mechanical and electronic components 

comprising the structure, rather than by the sensor system itself. A measure- 
ment accuracy of 50 |um (0.002 inch) is easily achievable with the present in- 
vention. The resolution of the present invention typically is 0.002 inch. The 
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sensor of the present invention also requires less space than all other known 
measurement systems. 

The distance measured by the preferred embodiment is preferably 5 mm 
Oust less that 1/4 inch). By combining two of these measurements, distances of 
5 up to about 1 .5 inches can be reliably measured. Combining three measure- 

ments enables distances of up to 10 inches to be measured with the same accu- 
racy and reliability over the full pressure and temperature range downhole. 

The structure of the present invention provides a unique signal amplitude 
between 0° and 1 80°. In order to obtain unique information over the full 360° 
10 range, a second sensor (bridge) is provided, which is mechanically shifted or 

displaced by exactly one quarter of the inter pole distance, that is, the second 
sensor is shifted by 90°. The output signal of the second sensor also resembles a 
sine wave, having an amplitude waveform shifted by 90° compared to the signal 
from the first sensor, the cosine. The phase relationship between the outputs of 
15 the first sensor and the second sensor in both embodiments is depicted in Figure 

4. 

Preferably, linear magnetic rulers with precisely defined inter pole dis- 
tances of 0.125 inch to 0.25 inch are provided in order to use the preferred sen- 
sors which precisely measure magnetic pole position. Magnetic poles are pre- 
20 cisely magnetized or " written" on the surface of a magnetic material. Accu- 

rately positioned magnetizing devices, which are well known in the art, are used 
for the production of such precise linear magnets or so-called "magnetic rulers." 

The tangent or ratio of the sine and cosine generated by the first and sec- 
ond sensors are calculated from these two sensor signals. Considering the mag- 
25 netic pole quadrants for the tangent, this arrangement enables the present inven- 

tion to determine the exact sensed position of a magnetic ruler over the entire 
range from 0° to 360°. The resolution and accuracy of the structure of the pres- 
ent invention depends upon the comprising auxiliary hardware, including the 
resolution of the analog to digital (A/D) converter. Calculating the tangent rela- 
30 tionship provides the additional advantage of automatic compensation for tem- 

perature drifts and distance changes encountered by magnet/sensor assembly of 
the present invention. 

In a preferred embodiment, the arms of the preferred caliper instrument 
move a sliding or rotating linkage connected to a magnetic ruler and pivoting end 
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of each caliper arm. The caliper arm movement and associated magnetic ruler are 
sensed by a magneto resistive sensor, which is contained in a pressure tight hous- 
ing of the instrument. The present invention provides a pressure tight sensor 
housing using an o-ring sealed connection to the central housing (which for sim- 
5 plicity is not shown on the drawing). Thus, the measurement instrument does not 

require any electrical connections exposed to the bore hole fluid. 

While one sensor can accurately measure the distance between two mag- 
netic poles, two or three measurements are combined for determining the absolute 
position of the magnetic ruler over large position ranges (5" or more). In a pre- 
1 0 ferred embodiment, the magnetic ruler is in form of a disk or half disk. The mag- 

neto resistive sensors determine the angular rotation of the turning disc shaped 
magnetic ruler as the outer end of the caliper arm turns. The circular magnetic 
ruler is attached to the pivoting end of the pivotally attached caliper arm to deter- 
mine the radius of the borehole. The borehole diameter and slope are calculated 
1 5 from the radius measurements. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a side view of a preferred embodiment of the present invention; 
Figure 2 is a cross section of a preferred embodiment of the present invention; 
Figure 3 is an illustration of the measurement geometry of the present inven- 
20 tion; 

Figure 4 is an illustration of the phase relationship of the sensors of the present 
invention; 

Figures 5 a and 5b are schematic illustrations of the electronics of a preferred 
embodiment of the present invention; 
25 Figure 6 is a top view of a preferred embodiment deployed in a borehole; and 

Figure 7 is an illustration of an alternative embodiment of the present invention. 
Figure 8 is an illustration of the alternative caliper arm; 

Figure 9 is a more detailed drawing of the alternative caliper arm and linkage; 
Figure 10 is a schematic diagram showing a CPU and caliper interface; and 
30 Figure 11 is an illustration of the field direction across magnetic poles as it 

changes direction between 0 and 180 between two poles. 

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 
Turning now to Figure 1, the present invention provides a six-arm caliper 
instrument comprising six radial extensive, equally spaced caliper arms, each of 
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which independently enables an independent radius measurement of the borehole 
in which the caliper instrument is deployed. The six-arm caliper instrument 10 
provides six independent aims 11, each of which comprises two spring-loaded 
telescopically extensible sections 14 and 16, as illustrated in Figure 1. The cali- 
5 per instrument of the present invention enables logging of independent borehole 

radius measurements associated with each six caliper arms, while the caliper in- 
strument traverses the bore hole 22. The tool may alternately have 1-6 or more 
caliper arms. Borehole radius measurements are taken and logged during ingress 
and egress of the caliper instrument in the borehole, and while the caliper instru- 

10 ment is descending or ascending the borehole. The preferred caliper arm 11 com- 

prises two spring-loaded telescopic sections 14 and 16, which enable the caliper 
arm sections to extend or compress to conform to the diameter of the borehole. A 
pad 18 is attached between the upper and lower telescopic arm sections 14 and 16 
of each caliper arm 11. The pad 18 engages the borehole wall 20 to measure cali- 

15 per arm deflection angles to calculate the radius of the bore hole, as shown in Fig- 

ure 6. The caliper arms 11 change length and the angle of attachment to the in- 
strument body of upper arm section 12 and lower arm section 13, as the instru- 
ment 10 traverses the bore hole 20 and the radius 26 of the bore hole 20 changes. 

Turning now to Figure 2, in order to measure the movement of arm 11 up- 

20 per section 12 and lower section 13, magneto resistive angle sensors are placed at 

the pivotally attached ends of upper caliper arm section 12 and lower caliper arm 
section 13. Figure 2 illustrates a cross section of the preferred angle sensing 
mechanism of the present invention. The angle change of each telescopic arm 
section is sensed by magneto resistive angle sensor 24. Sensor 24 is located at the 

25 end of the arm section where each arm section is pivotally attached via pin 28 to 

instrument body 22. The pivotally attached caliper arm end contains a small half- 
ring magnetic ruler 26, which is precisely marked with magnetic poles and cali- 
brated for precise measurement of the angle 32 between the arm section 14 and 
instrument body 22. 

30 The magnetic sensor 24 is contained in a pressure housing 22, which forms 

the body of the instrument. A sensor housing 25, which contains the sensor 24, is 
coupled to the mandrel via an o-ring sealed mechanical coupling. Each caliper 
arm 11 comprises two telescopic sections. Each telescopic section comprises an 
inner section 16 and an outer section 14. The inner arm section is smaller in di- 
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ameter enabling the inner arm section to telescopically slide into the larger outer 
arm section. A spring 34 inside of the larger telescopic arm section engages and 
urges the smaller inner telescopic arm section outward to its outmost position. A 
kick off spring 36 urges the telescopic arm section to swing out from the instru- 
5 ment body 22. Both the telescopic arm spring 34 and the kick off spring 36 are 

limited in expansion by the pad 18 of the caliper arm 11 contacting the surface of 
the bore hole wall 20, thereby defining the radius of the bore hole. 

In the preferred embodiment of Figure 2, the sensors are able to measure 
one pole-distance of the half-ring magnet. The magnets are magnetized for 10 

10 poles on the circumference, i.e. one pole distance is equivalent to 36 . The reso- 

lution for the measurement is determined by the resolution of the A/D converter, 
the quality of the electronics and the instrument firmware. In the case of the pre- 
ferred embodiment, the resolution is set to 0.036 by the firmware. 

Turning now to Figure 3, the radius 26 of the bore hole 20 is determined 

15 by the triangle formed by the two pivoting telescopic caliper arm sections 12 and 

13 and the constant base length 15 formed by the distance between each arm sec- 
tion hinge 28, which attaches the pivoting arm sections to the instrument body 22. 
The angles 30 and 32, between the base and each of the arms, is measured, as 
shown in Figure 3. These angle measurements fully determine the triangle 

20 formed by the caliper arm sections and the instrument body. Thus, the height of 

the triangle, which is equivalent to the radius 26 of the borehole can be calculated. 
In a preferred embodiment, the radius measuring range is 1-13/16 inch to 13 
inches. 

The instrument provides user selectable data sets that enable the user to 
25 select which of the available data to send to the surface. The user can also select a 

test data pattern to send to the surface for testing communications. In an alterna- 
tive embodiment, the data is stored in the tool downhole in memory on board the 
electronics board for later retrieval. Auxiliary signals comprising supply voltage 
and instrument housing temperature are also sent to the surface or alternatively 
30 stored in the tool. A preferred data set provides radii calculated in the instrument 

and enables quick-look tests wherein radii are determined by reference to a look 
up table indexed by the caliper arm angle measurements. 

The spring-loaded telescopic caliper arm sections enable the upper arm to 
collapse and reduce in length as the instrument descends into the borehole. Simi- 
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larly, while logging during ascension of the instrument, the lower caliper arm sec- 
tion collapses as necessary. The independent telescopic nature of the caliper arms 
enables each arm to be closed and fully retracted, even if one of the other arms is 
stuck in its most extended position. 
5 As shown in Figure 3, angles 30 and 32 between the telescopic upper 12 

and lower 13 caliper arm sections and the instrument body 22 are sensed by mag- 
neto resistive sensors. From these two angles and the known distance 15 between 
the respective arm section hinges, the radius 26 can be calculated for each arm. 
Figure 3 shows two possible arm positions with two different radii 26 and 27, two 
10 different sets of lower arm section angles 30 and 31 and upper arm section angles 

32 and 33. 

The relationship between the measured angles 30 and 32 of each telescopic 
arm section and the radius R 26 is given by the geometry of the instrument as 
shown in Figure 3. In a preferred embodiment, the fully closed instrument has a 
15 diameter of 3.625" or 92.075 mm, which is equivalent to a radius R of 1.8125" or 

46.0375 mm. Using the actual instrument dimensions, the relation between the 
radius of the bore hole, R and the measured angles 30 and 32 is as follows: 



R(mm) = 46.0375 + tg(Lower) • tg(Upper) ^ 
tg(Lower) + tg(Upper) 



20 



All dimensions for this equation are in mm. The conversion to inches is 
achieved by dividing the result by 2.54. The preferred firmware provided in the 
instrument of the present invention enables an accurate angle measurement and 
calculation of radius or diameter. During radius logging, in a preferred embodi- 

25 ment, a surface computer system is used to calculate the radii from these accu- 

rately measured angles, using the above equation. 

Two sensors are used per caliper arm, one to sense the angle of the tele- 
scopic upper arm section, and the other one to sense the angle of the lower tele- 
scopic arm section. In a preferred embodiment, the resolution of the measurement 

30 system is 0.036°, which is provided in 1000 increments for an angle measurement 

range of 0 to 36°. At the largest radius measured (13 inches), the resolution of 
0.036° provide a radius resolution of .44 mm (0.017 inch). Near the closed posi- 
tion (1-13/16 inch) a radius resolution of .35 mm (0.014 inch) is provided. 
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The springs 34 in the telescopic caliper arm sections do not provide a sig- 
nificant opening force when the arms are fully inside the mandrel. Therefore, leaf 
kick out springs 36 mounted at the ends of the arms are provided to help force the 
5 arms from the body for the first few inches. 

In the preferred data acquisition mode, the caliper instrument of the present 
invention reads all caliper telescopic arm section sensors, calculates the various 
distances and places this data in a buffer. The sensor data is then transmitted to 
the surface, stored or processed immediately down hole in the instrument. As 
10 soon as a request for data is received, the collected data is sent and a new data 

collection cycle initiated. 

In a preferred embodiment, the following data sets can be requested by the 

user: 

Data Set 1) 

1 5 Six Radii, Temperature, Voltage 

Data Set 2) 

Main logging data set. For each arm the upper and the lower 
angle are transmitted. Additionally, Temperature, Voltage, 
A/D offset are sent. 
20 Data Set 3) 

Maintenance data set. For each sensor, the A/D reading is 
given. There are 24 sensors in the instrument, 2 per arm- 
half. 
Data Set 4) 

25 Communication test pattern. 

The caliper instrument of the present invention provides precise, high 
resolution information regarding the radial position of the caliper arms and prox- 
imity of the tool string to the bore hole wall. This information determines the 
30 distance from the tool string to the borehole wall. The borehole radius also infers 

the proximity of adjacent formations to the other logging instruments deployed in 
the borehole in the same tool string with the caliper instrument of the present in- 
vention. For example, a nuclear magnetic resonance (NMR) tool design to de- 
ploy near or against the borehole wall may require correction for measurements 
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taken when the NMR tool is not adjacent or touching the bore hole wall. The 
caliper instrument can be combined with such an NMR tool or any other down 
hole instrument to measure the distance of the tool string to the bore hole wall. 
Thus, the present invention can be deployed on the same tool string with a forma- 
5 tion proximity sensitive instrument to determine proximity and accommodate 

proximity corrections for such a tool. 

Tool string orientation (north, south, east, west) is also sensed by the pres- 
ent invention along with the orientation of the NMR tool and other associated 
downhole tools, to facilitate proximity correction of direction sensitive instru- 

10 ments and measurements. The caliper instrument of the present invention does 

not centralize the downhole tool string. The present invention only senses the 
radial position of the tool string in the borehole by obtaining the radii measure- 
ments on the six caliper arms. Using the information provided by the caliper arms 
along with orientation data, the present invention enables accurate bore hole cor- 

15 rections to be applied for the formation proximity and orientation sensitive in- 

struments deployed on the tool string. 

The actual position of the sensing arm can move above or below a center 
position, so that the measuring point may be shifted during logging. The amount 
of movement is preferably less than ±1 .75 inch and can actually be calculated 

20 from the data sent by the instrument, so that precise radius curve depth corrections 

are possible. 

The present invention enables well bore radii or diameter plotting as well 
as an average bore hole diameter calculation. Measurement errors are minimized 
by placing caliper calibration rings on the instrument and performing a two-point 

25 calibration. The present invention is preferably calibrated as follows. The pre- 

ferred caliper instrument is connected to a cable head via a common remote in- 
strument. A small diameter calibration ring, e.g., 8-inch is applied to the caliper 
arms and an angle reading a recorded. A small diameter calibration ring, e.g., 12- 
inch is the applied to the caliper arms and another reading is recorded. The rings 

30 simulate borehole radius measurements. The calibration readings are used to ad- 

just for angle measurements and radius or diameter calculations made during ac- 
tual operations in the bore hole. Typically, the caliper instruments are calibrated 
on site and then verified inside the surface casing. For verification before logging, 
the tool is stopped inside casing, before lowering the instrument into an open hole. 
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A verification routine (before log verification) is performed and a reading re- 
corded. To verify the instrument after logging, after retrieving the caliper instru- 
ment back into the casing, the operator stops the cable hoist and selects a verifica- 
tion routine, records a reading and enters it for a second verification point. 
5 In a preferred embodiment, to begin operations, the preferred caliper in- 

strument is connected to a cable head via a common remote interface. The in- 
strument is powered by connecting the instrument to a 180 VDC power source. 
The instrument is then calibrated per the calibration instructions as shown above. 
The power is then removed and the caliper instrument connected anywhere within 

10 the downhole tool string. After calibration, the instrument is now ready for bore 

hole radius logging. 

Turning now to Figure 5, the electronics 40 of the preferred instrument are 
contained in the upper pressure housing, as shown in Figure 5. The electronics 
comprise a power supply 42, a CPU board 44 and a caliper board 46. The power 

15 supply consists of a transformer 47, rectifier 48, three voltage regulators 49 and 

capacitors 50. The power supply provides preferred power for the caliper boards 
and the preferred CPU board. This CPU board contains an instrument bus inter- 
face, memory and a serial I/O port. The preferred caliper instrument utilizes this 
I/O port. The signal-out lines are used to control the caliper boards and the signal- 

20 in lines are used to read the information from the caliper sensors. Together with a 

ground wire, 5 wires are used between the CPU board and the caliper board. Any 
suitable CPU board such as an Intel Pentium processor may be substituted for the 
preferred CPU board. The caliper board contains multiplexers, sample and hold 
circuits, shift registers, analog to digital converters and tri-state buffers for data 

25 acquisition and transmission. 

Preferably, an 8-bit shift register is used to control the functions of the 
caliper board. One control sequence consists of 8 bits. After the CPU board sends 
the respective data sequence to this register, the caliper board executes the 8-bit 
command. 

30 The 16-bit A/D converter converts the following signals in the following 

sequence: 

Signal Sine of Lower Sensor of Arm 1; 
Signal Sine of Upper Sensor of Arm 1; 
Signal Cosine of Lower Sensor of Arrnl; 
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Signal Cosine of Upper Sensor of Arm 1; 

The same sequences are repeated for Arms 2 to 6; and 
The seventh sequence collects auxiliary data (voltages, offset, tem- 
perature). 

Signals are first selected, then the sample and hold circuits are switched to 
hold and all signals for one caliper arm pair (lower and upper sections) are then 
sequentially converted. The sample and hold outputs are switched to a multiplexer 
for output. The output of the multiplexer is connected to the AID converter via an 
operational amplifier. 

The A/D converter outputs are clocked into the signal input line of the 
CPU board. At the end of one complete cycle, 24 sensor signals (12 sine and 12 
cosine) are available on the CPU board. The sensor outputs are temperature- 
sensitive. For that reason, and for greater precision, the ratio of the sine and the 
cosine signals is calculated (tangent) and used for further calculations. Most of the 
temperature and other error producing influences cancel out in the tangent calcu- 
lations. 

The direction of the magnetic field of a circular magnet, where the poles 
are side by side, with alternating polarity, changes from between 0 to 180 degrees 
between two poles. The magnetic field is perpendicular to the surface plane of the 
magnet at the poles and parallel to the surface plane of the magnet in the middle 
between the two poles. The magneto resistive sensors of the present invention are 
only sensitive to alignment with the magnetic field, and not sensitive to the abso- 
lute direction of the magnetic field. Hence, the resistance of the first half bridge 
sensor reaches its minimum directly over one of the poles. The maximum sensor 
resistance is reached when the magnetic field is perpendicular to the sensor axis, 
that is, in the middle between the two poles 52 (cosine). The second half bridge 
sensor is mechanically rotated by 90°, having its output shifted by 90° compared 
to the first one 54 (sine). Figure 4 illustrates the output voltages of the first sen- 
sor 52 and the second sensor 54, as the pair is moved across the distance. 

The output voltage of a single sensor (half bridge) does not uniquely de- 
termine the position of the sensor between the two magnetic poles, as there are 
two positions possible for every value of the curve, except for the highest and 
lowest voltages. Also, if only one sensor were used to determine the position, the 
output voltage would have to be very stable. If the ratio of the two sensor voltages 
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is taken (tangent), then the position can be exactly determined and the influences 
of sensitivity changes due to changing temperatures and distance changes between 
sensor and magnet cancel out in the tangent calculation. For the determination of 
the angle it is, of course, necessary to consider the quadrants. 
5 External magnetic fields are added to the magnetic field of the magnet. 

This means, the magnetic field adds at one place and subtracts at another place, 
where the field of the magnet is oppositely directed. This would lead to incorrect 
calculations of the position, as the sine and cosine output are affected in the same 
direction. la order to compensate for this effect, a second series of sensors is 

10 placed exactly one pole distance apart from the first. From Figure 4 above, it can 

be seen that the output signal of the sensor is the same above the North and the 
South pole. The external field, however would add to one and subtract from the 
other. In other words, a second sensor set, one pole distance apart from the first, 
provides the same position information as the first, the influence of the external 

15 magnetic field, however, is in the opposite direction. The signals of the two sensor 

sets added, and the total number of signals is not increased. This compensation 
works, as long as the external field experienced by the two sensor sets is substan- 
tially the same. 

The maximum magnetic induction of the ruler magnets is about 0.1 T 
20 (1000 G). Values substantially below this value do not influence the measure- 

ment. Magneto-resistive sensors are preferably used for angle measurements be- 
cause they are insensitive to the harsh down hole environment and can be 
mounted in non-magnetic pressure housings. High precision accuracy is achieved 
with these sensors and essentially limited only by the electronic components used 
25 to convert the voltages to digital signals. 

Turning now to Figure 7, an alternative embodiment of the present inven- 
tion is shown. The alternative embodiment uses rigid non-telescopic arms 111 
that slidably attach to the tool body 22. For logging during downward progression 
in the borehole provides a full stop for the arms 111 on the lower side and free 
30 movement of the aims on the upper side. For logging upward in the borehole, the 

arm stop is on the upper side and the lower arms are freely movable. The preferred 
design provides two sliding sections which are hinged to the arms, as shown in 
Figure 8. The movement of both, the upper sliding section and the lower sliding 
section is sensed and measured. From this measurement, the actual borehole ra- 
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dius and diameter are calculated. In this configuration, there is very small move- 
ment for an instrument in the almost closed postion, thus, the angular movement is 
additionally sensed. The two movements are mechanically added together and are 
measured using the same position sensor. 
5 Referring now to Figure 9, the angle change of the arm 111 is transferred 

into an axial movement by a small linkage. Linkage arm 90 is fixed to the caliper 
arm 111, linkage arm 92 is fixed to a magnetic ruler 94 and linkage arm 96 con- 
nects the two together. The magnetic ruler 94 slides inside the sliding section 98, 
this way moving together with the sliding section plus moving additionally if the 

10 caliper arm angle changes. A small spring holds the magnetic ruler under tension, 

so that mechanical play is substantially removed. The sliding section 98 move- 
ment is sensed by the sensor 102 which is located below the magnetic ruler 94. 

The relation between the movement m and the borehole radius R is given 
by the geometry of the instrument - which is constant. For the calculations, the 'net 

15 radius 1 r is used. The value for r is 0 if the instrument is fully closed. The fully 

closed instrument has a diameter of 3.625" or 92.075 mm, which is equivalent to a 
radius R of 1.8125" or 46.0375 mm. Using the actual instrument dimensions, the 
movement m can be calculated as follows: 

20 r = R - Instrument Body Radius 

and 



w = — r + Zl-VZl* -r 2 
LI 



25 All dimensions can be in mm or inches. The conversion to inches from mm 

is achieved by dividing the numbers by 25.4. The length m is the average of the 
movements of the two sliding sections. Solving the same equation for r, the radius 
can be calculated from the movement. 

A schematic illustration of the CPU board and caliper board is depicted in 

30 Figure 10. The caliper board contains multiplexers 125, S/H circuits 127, shift 

register, A/D converter 129 and tri-state buffers. The 8-bit shift register is used to 
control the functions of the board. As two boards are used, one control sequence 
consists of 16 bits. The two shift registers are connected in series, so that the sig- 
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nal for the second register is shifted through the first. In any case, after the CPU 

board sent the respective data sequence to these registers, the caliper board be- 
haves as desired. 

The 16 bit A/D converter converts the following signals in the following 
5 sequence: 

Signal Sme of Lower Sensor A of Arml; 

Signal Sine of Upper Sensor A of Arm 1; 

Signal Sine of Lower Sensor B of Arml; 
10 Signal Sine of Upper Sensor B of Arm 1; 

Signal Sine of Lower Sensor C of Arml; 

Signal Sine of Upper Sensor C of Arm 1; 

Signal Cosine of Lower Sensor A of Arml; 

Signal Cosine of Upper Sensor A of Arm 1 ; 
1 5 Signal Cosine of Lower Sensor B of Arml ; 

Signal Cosine of Upper Sensor B of Arm 1; 

Signal Cosine of Lower Sensor C of Arml; 

Signal Cosine of Upper Sensor C of Arm 1; and 

The same sequences are repeated for Arms 2 to 6. 

20 

Signals are first selected, then the S/H circuits 127 are switched to hold 
and all signals for one arm pair (lower and upper) are sequentially converted. The 
S/H outputs feed a multiplexer 125. The output of the multiplexer is connected to 
the A/D converter 129 via an operational amplifier 130. The A/D outputs are 
25 clocked into the signal input line of the CPU board. 

The advantage of not using any exposed wiring is provided by using mag- 
netic sensors. Two sensor sections are used per segment, one to sense the move- 
ment of the upper sliding section, the other to sense the movement of the lower 
sliding section (plus arm angle change as explained above). Due to the small rates 
30 of movement near the closed instrument position, very precise measurements are 

made. The resolution of the preferred system is 5 jum (0.0002"), the accuracy is in 
the range of 25 jim (0.001"). 

Three linear magnets ("magnetic ruler") with pole distances of 5 mm (A), 6 
mm (B)and 6.25 mm (C) are used. Three magnetic sensor pairs are used to sense 
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the position of each of the three magnets of the ruler. All sensors used for sensing 
one sliding section position are contained inside one pressure housing. The pres- 
sure housing has one central O-ring seat which is used to feed the wires through 
into the center tube of the instrument. 
5 The 6-Arm Caliper is spring powered. Each aim is connected to a spring 

110 which is hooked to the center tube. The arm opening force provided by these 
springs becomes very small for small diameters. Leaf springs mounted in the 
center help providing the force for the first few inches. 

The CPU board contains a bus interface and a serial I/O port. The gate 

10 signal and the clock signal are looped back. The signal-out lines are used to con- 

trol the caliper boards and the signal-in lines are used to read the information from 
the caliper sensors. Together with ground, 5 wires are required between CPU 
board and caliper board. At the end of one complete cycle, 24 sensor signals (12 
sine and 12 cosine) are available on the CPU board. 

15 The sensor outputs are temperature-sensitive. For that reason, the ratio of 

the sine and the cosine signal is calculated (tangent) and used for further calcula- 
tions. This way, most of the temperature influences cancel out. 

The preferred embodiment described above and shown in the figures is not 
intended to limit the scope of the invention, which is defined by the following 

20 claims. 

In an alternative embodiment shown in Figures 7, 8 and 9, magneto- 
resistive sensors are used for detecting the direction of magnetic fields. The sen- 
sors change their resistance depending on the alignment of the magnetic field di- 
rection compared to the sensor axis. The transfer function is: 

25 

i? = i? 0 +Afl*cos(2«<D) 

where 

R is the measured resistance 
Ro field independent resistance 
30 AR field dependent resistance 

<X> magnetic field angle 
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The field direction 140 across magnetic poles 150 changes from 0 to 180 
between two poles 150, This is illustrated in Figure 11. Due to the transfer func- 
tion as given above, the value of R is the same at the 0 position and the 180 po- 
sition- cos(2*0) is the same as cos(2*180). 
5 In a preferred embodiment, two sensor bridges are contained on a chip, the 

two bridges are designed to be sensitive to two different field directions. The first 
sensor bridge has its maximum sensitivity at 0 fields, the second sensor bridge 
has maximum sensitivity at fields which are 90 off the first field. In an alternative 
embodiment, to achieve this 90 relative response, the second sensor bridge is 

10 actually rotated by 45 compared to the first. The outputs of the two half-bridges 

are fed into amplifiers; at the amplifier outputs the two signals are available. 

As for linear magnets, the direction of the magnetic field of a circular 
magnet where the poles are side by side, with alternating polarity, changes from 0 
to 180 degrees between two poles. The magnetic field is perpendicular to the 

15 surface of the magnet at the poles and parallel to the surface of the magnet in the 

middle between two poles. 

Magneto-resistive sensors are only sensitive to the alignment with the 
magnetic field, not to its absolute direction. Hence, the resistance of the first sen- 
sor (half bridge) reaches its minimum directly over one of the poles; the maximum 

20 of the sensor resistance is reached when the magnetic field is perpendicular to the 

sensor axis - in the middle between the two poles (cosine). The second sensor 
(half bridge) is mechanically rotated by 45 ; its output is shifted by 90 compared 
to the first one (sine). 

The above examples are intended to be exemplary only and not intended to 

25 limit the scope of the invention. 
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1 1 . A caliper instrument for calculating the radii and diameter of a bore hole 

2 comprising: 

3 an instrument body having at least one arm pivotably attached to 

4 the body for contacting the surface of the bore hole wall; 

5 a magnetic ruler linked to the arm; and 

6 a magneto resistive sensor for sensing the position of the magnetic 

7 ruler for determining the position of the arm. 

1 2. The caliper instrument of claim 1 further comprising: 

2 a processor for calculating the radius of the bore hole from the 

3 position of the arm. 

1 3. The caliper instrument of claim 2 wherein the magnetic ruler comprises a 

2 rectilinear element linked to the arm for determining the position of the 

3 arm. 

1 4. The caliper instrument of claim 2 wherein the magnetic ruler comprises a 

2 curved element linked to the arm for determining the position of the arm. 

1 5. The caliper instrument of claim 2 wherein the sensor comprises a first and 

2 second sensor each located to produce a first signal 90° from a second sig- 

3 nal for calculating the tangent of the sensed signals. 

1 6. The caliper instrument of claim 2 wherein the calculated radii are plotted 

2 as independent radii. 

1 7. The caliper instrument of claim 2 wherein the calculated radii are plotted 

2 as independent diameters. 

1 8. The caliper instrument of claim 2 wherein the calculated radii are plotted as an 

2 average bore hole diameter. 
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1 9. The caliper claim 5 wherein the first and second magneto resistive sensors are 

2 separated linearly by a distance equal to 1.2 of the interpole distance to gener- 

3 ate a first and second signal separated by 90 . 

1 10. The caliper claim 5 wherein the first and second magneto resistive sensors 

2 are rotated by 45 to generate a first and second signal separated by 90 . 

1 1 1 . A method for calculating the diameter of a bore hole comprising: 

2 for contacting the surface of the bore hole wall with an instrument 

3 body having at least one arm attached to a body; 

4 sensing a magneto resistive sensor signal to determine the position 

5 of a magnetic ruler for determining the position of the arm; and 

6 calculating a diameter of the borehole, from the signal . 

1 12. The method of claim 1 1 further comprising: 

2 calculating the diameter of the bore hole from the position of the 

3 arm. 

1 13. The method of claim 12 wherein the step of sensing a magneto resistive 

2 sensor signal comprises sensing the position of a rectilinear element linked 

3 to the arm for determining the position of the arm. 

1 14. The method of claim 12 wherein the step of sensing a magneto resistive 

2 sensor signal comprises sensing the position of a curved element linked to 

3 the arm for determining the position of the arm. 

1 15. The method of claim 12 wherein the step of sensing a signal comprises a 

2 signal from a first and a second magnetic pole sensor located 90° apart for 

3 calculating the tangent of the sensed signals. 

1 16. The method of claim 15 further comprising plotting the calculated radii as 

2 independent radii. 
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17. The method of claim 15 further comprising plotting the calculated radii as 
independent diameters. 

18. The method of claim 15 wherein the calculated radii are plotted as an av- 
erage bore hole diameter. 

19. The method of claim 15 wherein the step of sensing a signal comprises 
sensing a signal from a first and a second magneto resistive sensor sepa- 
rated linearly by a distance equal to one half of the interpole distance. 

20. The caliper claim 15 wherein the step of sensing a signal comprises sens- 
ing a signal from a first and second magneto resistive sensor rotated by 45 
relative to each other. 
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